ITS) and the fl anking external transcribed spacer region (nrDNA ETS) ( Bena, 2001 ) , as well as the plastid-encoded matK gene ( Steele and Wojciechowski, 2003 ; Wojciechowski et al., 2004 ) . Thus the monophyly of Medicago as delimited by Small et al. (1987 ) is not in question.
Interspecifi c relationships within Medicago are still in need of study although they have been investigated. Small (1987b) presented a tentative phylogeny of sections of Medicago using just six morphological characters that were previously used to circumscribe the genus. Phylogenetic analyses utilizing nucleotide sequence data have begun to provide some resolution. Sixty-four species of Medicago were sampled using nrDNA ITS sequences in a study by Downie et al. (1998) , while 61 species were sampled by Bena (2001) , who used both nrDNA ITS and ETS sequences. More recently, Maureira-Butler et al. (2008) sampled 56 species of Medicago for the nuclear-encoded genes CNCG 5 and β cop and the mitochondrial gene rpS14-cob . Several species groups were well supported in phylogenetic reconstructions in these studies, but numerous polytomies were also present. Thus, a number of questions regarding relationships among Medicago species remain to be resolved. Maureira-Butler et al. (2008) found incongruency among results based on analyses of these two nuclear-encoded genes and to a lesser extent, the mitochondrial gene, and suggested that this incongruency casts some doubt on the use of phylogenetic trees to estimate sister group relationships in Medicago or to investigate character evolution. While that study focused on possible explanations of incongruence and concluded that their data favored a hypothesis of past hybridization, rather than incomplete linkage assortment, it is nevertheless important to note that these authors also found nine well-supported clades common to both nuclear genes. Based on a consideration of the results of the previous study of Maureira-Butler et al. (2008) and those of Bena (2001) with new results presented in this paper, here we discuss clades with a similar species composition that have been identifi ed by analyses of fi ve different molecular markers, representing both the plastid and nuclear genomes. In spite of incongruency among gene trees, the presence of similar, strongly supported groups in results of analyses of most, if not all, of these markers strongly suggests an underlying biological reality that we believe is useful to consider.
Increased resolution of relationships within Medicago will allow greater understanding of the evolution of morphological, molecular, and biochemical characters in this genus. Medicago has been one of the most widely studied legumes because of numerous agriculturally important and domesticated species ( Small, 2010 ) . In addition to alfalfa, which is the most widely cultivated legume and the most important forage crop in the world; estimated world acreage of alfalfa is 32 million ha ( Michaud et al., 1988 ) , other species are used as medicine, human food (honey, sprouts), green manure, sources of industrial enzymes in biotechnology ( Lewis et al., 2005 ) , model genomic species ( Cannon et al., 2006 ) , and model systems for the study of nitrogen fi xation (e.g., Bailly et al., 2007 ) . Lesins and Lesins (1979) and numerous papers by Small and colleagues (summarized in Small and Jomphe, 1989b ) discussed a variety of characters such as chromosome number, presence of woody tissue, and cotyledon structure that support recognition of infrageneric taxa and the delimitation of species within the genus Medicago . The results of phylogenetic analyses based on nucleotide sequence data that we present here allow us to consider hypotheses of evolution of these and other features and to consider their taxonomic implications as well. The primary goal of previous molecular phylogenetic analyses of Medicago was not an evaluation of morphology, chromosome number, biochemical characters, nor taxonomic revision ( Downie et al., 1998 ; Bena, 2001 ; Maureira-Butler et al., 2008 ) . Thus, one of our goals was to summarize their fi ndings and to use results from all molecular markers analyzed to date to carefully consider the evolution of certain morphological characters traditionally considered taxonomically important, including numbers of seeds per pod, variation in cotyledon pulvini, chromosome number, and growth forms. It is particularly useful to take into account the results derived from all of these studies, because none of the previous studies sampled all of the principal lineages within Medicago ; although a total of 75 species were represented in these previous studies, the largest number of species sampled by any one study was 61. In several cases, consideration of all results allows conclusions to be drawn that could not be drawn on the basis of results from just one or two molecular markers.
MATERIALS AND METHODS
Taxon sampling -For the genus Medicago , a total of 49 species (of 87 in genus) were sampled for this study and include representatives from all sections and from nearly all subsections; only section Buceras subsections Defl exae and Isthmocarpae were not sampled (infrageneric delimitation following Small and Jomphe, 1989b ) ( Table 1 ) : seeds were not available from the U. S. Department of Agriculture (USDA) for M . retrosa (monotypic subsection Defl exae ), native to Afghanistan, nor for the two species M . isthmocarpa and M . rhytidocarpa (subsection Isthomocarpae ), each of which has a limited distribution in Turkey. Multiple accessions were sampled for three taxa, M . italica (2), M . lupulina (2), and M . monantha (3). In addition, we sampled 17 species of Trigonella (55 species in genus) representing eight of 12 sections, and up to four species from each of the two subgenera of Melilotus (20 species in genus) ( Table 1 ) , from subtribe Trigonellinae. For a few species, sequences were obtained from GenBank (http://www.ncbi.nlm.nih.gov/Genbank) ( Table 1 ) . We performed phylogenetic analyses on two sets of data; trnK/matK sequences and GA3ox1 sequences. For analyses of trnK/matK sequences, Pisum sativum , Ononis bifl ora Desf., and O . natrix L. were used as outgroup taxa based on results of our earlier work Steele and Wojciechowski, 2003 ) . Initial analyses of GA3ox1 sequences used an exon-only data set (introns are diffi cult to align outside closely related genera) from 92 species of Trifolieae and Fabeae that corroborated the monophyly of subtribe Trigonellinae and the sister group relationship of Medicago and Trigonella (Appendix S1, see Supplemental Data with the online version of this article). Analyses of GA3ox1 sequences from Medicago , Trigonella , and Melilotus included both exon and intron data, and Trigonella plus Melilotus were designated as the outgroup to Medicago based on results from analyses of the larger exon-only data set.
Molecular methods -Fresh leaf material was obtained from plants collected in California by the fi rst author or from plants grown from seeds obtained from E. Small or the USDA Plant Introduction Program (http://www.ars-grin. gov/npgs/). Total genomic DNA from these taxa was isolated following Doyle and Doyle (1987) , while genomic DNA was isolated from samples of herbarium specimens following methods described by Wojciechowski et al. (2004) .
We used two molecular markers, the plastid-encoded trnK intron-matK gene region, widely used in phylogenetic analyses of legumes ( Hu et al., 2000 ; Steele and Wojciechowski, 2003 ; Wojciechowski et al., 2004 ; Bruneau et al., 2008 ) and the novel nuclear-encoded protein-coding gene GA3ox1 ( Steele et al., 1999 ) . The mat K gene consists of 1500 -1525 bp in most species, while the 5 ′ and 3 ′ trn K intron regions that fl ank the mat K gene add approximately another 1000 bp of sequence ( Steele and Wojciechowski, 2003 ) . Sequences of primers used were as described in Steele and Wojciechowski (2003) ( Table 2 ). In addition, we also used both coding and noncoding regions (approximately 1718 bp) of the single-copy, nuclear-encoded gene GA3ox1 , that codes for gibberellin 3-β -hydroxylase. In Pisum , this gene has been referred to as " Mendel ' s stem length gene " ( Le ) after having been independently discovered to be the basis of the normal height vs. dwarf peas originally studied by Mendel, by researchers in the United States ( Martin et al., 1997 ) and New Zealand ( Lester et al., 1997 ) . Dalmadi et al. (2008) who hypothesized that the gene is orthologous to the Le gene based on syntenic map position and similarity of the mutant plants. GA3ox1 has not previously been used for phylogenetic purposes, although preliminary results suggest that it has potential use ( Steele et al., 1999 ) . Southern blot analyses in Pisum ( Lester et al., 1997 ) and Ononis (K. P. Steele and L. Yang, unpublished results) support the hypothesis that GA3ox1 is a single-copy gene. The GA3ox1 gene consists of two exons with a central intron; in Pisum sativum , the exons together are 1125 bp long, and the intron sequence is 544 bp for a total of 1669 bp ( Lester et al., 1997 ) . Initially, we used primers slightly modifi ed from those designed by Lester et al. (1997) for amplifi cation and Table 2 . Amplifi cation and sequencing primers.
GTGCCAAGGTACTCATTCC sequencing of pea DNA. Using those slightly modifi ed primers, we obtained sequences from several species including Lathyrus sativus , Medicago hypogaea , Trigonella calliceras , and Vicia villosa (K. P. Steele, unpublished data), those sequences were then used to design primers suitable for amplifi cation of DNA from a larger number of species in tribes Trifolieae and Fabeae including those in subtribe Trigonellinae ( Table 2 ) . Protocols for PCR amplifi cation of both molecular markers were similar to those described previously ( Steele and Wojciechowski, 2003 ) . Purifi ed PCR products were sequenced at the Arizona State University DNA Laboratory and Davis Sequencing (http://www.davissequencing.com). For some taxa, PCR products of GA3ox1 were cloned using the TOPO TA Cloning Kit (Invitrogen, Carlsbad, California, USA), following the manufacturer ' s instructions, and a minimum of 20 putative recombinant clones per product were analyzed for their inserts by restriction analysis and gel electrophoresis. The plasmids were purifi ed using QIAGEN Plasmid Mini Kit (Qiagen, Valencia, California, USA), and clones of appropriate size were selected for sequencing. Preliminary phylogenetic analyses were carried out using sequences from all complete clones for a particular species, but in the fi nal phylogenetic analyses presented here, one complete clone was chosen at random and used to represent that species. Clone sequences from a single individual plant were tested for the presence of recombination using the Phi test ( Bruen et al., 2006 ) as implemented in the program SplitsTree ( Huson and Bryant, 2006 ) .
Sequence fi les were assembled to produce contigs and edited, then assembled into a data matrix using the program Sequencher versions 4.1 -4.7 (GeneCodes, Ann Arbor, Michigan, USA). For the GA3ox1 sequences, initial alignments of both the exon and intron sequences were performed using ClustalX ( Thompson et al., 1997 ) , but manual adjustment was required. For the trnK/ matK sequences, new sequences were added to our previous data set ( Steele and Wojciechowski, 2003 ) , with relatively minor adjustments used for the 5 ′ and 3 ′ intron regions of trnK . All new sequences have been deposited in GenBank (see Table 1 ), and the fi nal data matrices have been deposited in the database Tree-BASE (http://www.treebase.org/treebase-web/home.html) under study accession S10406.
Phylogenetic analyses used maximum parsimony (MP) and Bayesian inference methods. All parsimony and bootstrap analyses were conducted using heuristic search strategies, as implemented in PAUP * 4.0b10 (Altivec) ( Swofford, 2002 ) , that included the following options: SIMPLE and CLOSEST addition sequences, with tree-bisection-reconnection (TBR) branch swapping, and retention of all multiple parsimonious trees. Multiple tree searches were conducted to increase the detection of globally optimal solutions (convergence to trees of shortest length found); for example, searches with MAXTREES set to 10 000 with an automatic increase in the number of trees to be retained while branch swapping, with and without invoking steepest descent. All characters used were unweighted and unordered. Relative levels of support for each clade were estimated by nonparametric bootstrap analysis ( Felsenstein, 1985 ) as implemented in PAUP * 4.0b10; 500 replicate samples were obtained using identical heuristic searches. For each replicate, 500 trees were retained for bootstrap analyses ( Table 3 ) . Confl ict between the data sets (based on a combined data set with 69 taxa) was evaluated by the incongruence length difference test ( Farris et al., 1995 ) , performed in PAUP * 4.0b10 using searches as described for the maximum parsimony analyses (with a maximum of 500 trees and excluding uninformative characters) as well as by using two random addition sequence replicates per partition homogeneity replicate (with a maximum of 500 trees per replicate) and by comparing bootstrap consensus trees derived from the individual data partitions.
A general time reversible model with gamma shape parameter and proportion of invariant sites was selected as the best model for both the GA3ox1 and trnK/matK data sets based on the Akaike information criterion ( Akaike, 1974 ) in the program MrModeltest (version 2; Nylander 2004 ). As in the MP analyses, multiple Bayesian analyses of both data sets, performed using the program MrBayes v.3.1.1 ( Ronquist and Huelsenbeck, 2003 ) , included two separate runs (4 chains per) of 2 -5 × 10 6 generations, estimating branch length, substitution parameters, and topology and using uniform (default) priors, with the exception of the rate parameters (ratepr = variable), and sampling either every 4000 or 10 000 generations. Stationarity of the Bayesian Markov chain Monte Carlo (MCMC) runs were based on the following criteria: (1) convergence to a stable value of the log likelihood score in separate runs, (2) a value less than 0.01 for the average standard deviation of split frequencies between two runs, and (3) a value approaching 1.0 for the potential scale reduction factor (PSRF) for each parameter in the model. Trees sampled prior to stationarity were excluded by " burnin " (50% of samples) and the 100 -250 remaining trees were used to construct a majority rule consensus tree with clade credibility values (posterior probabilities; PP).
RESULTS
Molecular markers plastid (trnK/matK) and nuclear DNA (GA3ox1) -Sequences of the trnK intron-matK gene region were obtained from 77 specimens representing 70 taxa ( Table  1 ) . Characteristics of the sequences obtained and results of parsimony analyses are given in Table 3 . The matK portion of the sequences could easily be unambiguously aligned, but short sections of the 5 ′ and 3 ′ portions of the trnK intron could not and were excluded from analyses. Fourteen unambiguous gaps in the trnK intron-matK gene region (110 total bases) were coded as binary characters. The length of the matK gene ranged from 1500 to 1536 bp, while the 5 ′ and 3 ′ portions of the trnK intron averaged approximately 744 bp and 257 bp, respectively (both without insertions). Sequences of GA3ox1 were obtained from 72 specimens representing 65 taxa ( Table 1 ) . Alignment of both intron and exon sequence required manual adjustment, and some regions could not be unambiguously aligned and were omitted from the analyses. Thirty unambiguous gaps (345 total bases) were coded as binary characters. Sequences of the GA3ox1 gene ranged from 1400 to 1530 bp with an average approximate length of 1467 bp (without insertions) of which, on average, approximately 904 bp was exon sequence and 578 bp was intron sequence. The length of the intron sequence varied among individuals sampled from 501 to 642 bp (without insertions). Note that variation in exon length can be intrinsic or due to variation in sequencing techniques, e.g., how close to the primer readable sequence is obtained, but length of the central intron is strictly intrinsic.
Cloning was necessary to obtain readable sequence from the following species with the number of cloned sequences indicated in parentheses: M . cancellata (one complete clone), M. medicaginoides (two complete clones, three partial), M . polyceratia (fi ve complete clones), M . prostrata (one complete clone and four partial), M . sativa (fi ve complete clones), and Trigonella anguina (two complete clones and three partial). A few differences were observed among cloned sequences, but not more than could be reasonably accounted for by the presence of two different alleles at one locus or random PCR/bacterial replication errors except in the case of M . polyceratia . There was no support for the presence of recombination among cloned sequences within a single species for the six species that were cloned. For two of the fi ve species tested, there were no informative Notes: CI = consistency index, RI = retention index, RC = rescaled consistency index characters, while for the other three the Phi test did not fi nd statistically signifi cant evidence for recombination. One species had a single complete cloned sequence and could not be tested.
In preliminary phylogenetic analyses, sequences from all complete clones for each species were used. In all cases, the cloned GA3ox1 sequences from a single sample form a monophyletic group, except with M . polyceratia where two sequences form a single group that is itself sister to a group in which M . fi scheriana is sister to three additional sequences from M . polyceratia (results not shown). Sequence differences among most cloned sequences derived from one taxon range from 0.1 -1.0%. Slightly higher values are found among clones from Trigonella anguina and range from 0.4 to 1.8%. To put these values in perspective, note that in Pisum sativum the difference between the " wild-type " allele (GenBank accession U93210) and a dwarf mutant allele, le , (GenBank accession AF004730) is 0.24%. On the other hand, in M . polyceratia , differences among clones in one clade range from 0.26 to 0.72%, similar to the values obtained for clones from other species as indicated above, but differences between clones in the two clades range from 2.7 to 3%. That value is similar to the differences between those clades and M . fi scheriana , 2.5 to 4%.
There is also intraspecifi c variation among GA3ox1 sequences in species of Medicago . For three species, we have two different accessions; there are six base substitutions between accessions of M . monantha (accession numbers 35 and 183), although these two are not sister taxa ( Figs. 1, 2 ) , two base substitutions between accessions of M . lupulina and three substitutions and two small indels between accessions of M . littoralis .
Comparison of GA3ox1 and trnK/matK sequences -There is a greater proportion of informative characters (24%) for the GA3ox1 data set compared to the trnK/matK data set (15%) ( Table 3 ). In addition, there are more phylogenetically informative indels for the GA3ox1 data set (30) than for the trnK/matK data set (14) even though the minimum aligned length of the GA3ox1 data set (1509 bp) is about 62% of the length of the trnK/matK sequence (2448 bp). If the phylogenetic reconstructions are compared, there are 36 groups with bootstrap values greater than 70% based on the trnK/matK data set for 80 taxa ( Fig. 1 ) , compared to 30 groups with the GA3ox1 data set for 72 taxa ( Fig. 2 ) .
Use of GA3ox1 for phylogenetic analyses -Our study is the fi rst published investigation of sequence variation in the nuclear-encoded GA3ox1 gene for phylogenetic analyses, and our results suggest that this gene offers a reasonable number of informative characters to help resolve relationships among and within genera in legumes ( Table 3 ) . With the exception of one species, M . polyceratia , only one gene is amplifi ed with our primers. Our analyses provide strong support for the orthology of Msdwf1 recently identifi ed by Dalmadi et al. (2008) and the GA3ox1 gene that we sampled; sequences of Msdwf1 from their study from M . sativa subsp. falcata and M . sativa subsp. caerulea and our GA3ox1 sequences from the same taxa are all found nested within the sect. Medicago clade with sequences from other taxa within M . sativa . The presence of intraspecifi c variation supports the hypothesis that GA3ox1 sequences could be valuable for phylogenetic reconstruction among closely related species. Note that analyses of GA3ox1 sequences indicate that within sect. Medicago fi ve groups are resolved with greater than 60% bootstrap support ( Fig. 2 ) , but only three groups are resolved within that same larger group in analyses of trnK/matK sequences.
Phylogenetic analyses -Results of maximum parsimony and Bayesian inference analyses of the trnK/matK sequences are shown in Fig. 1 , while results of identical analyses of GA3ox1 sequences are shown in Fig. 2 . Character states for specifi c characters, that were not included in the analyses, perennial or shrub habit, chromosome number to indicate aneuploid reduction (2 n = 14) and polyploidy, as well as loss of the rpoC1 intron are indicated in Fig. 1 . Roman numerals indicate the presence of well-supported clades that are further considered in the discussion (online Appendix S2).
The results of an incongruence length difference test suggested signifi cant confl ict between the plastid trnK/matK and nuclear GA3ox1 gene data sets (all, P < 0.01). Comparison of clade support values derived from maximum parsimony analyses and Baysian analyses showed that, although many of the same well-supported clades were found using both data sets, some taxa were in modestly to well-supported, but alternative phylogenetic positions within trees derived from the two data sets ( Figs. 1, 2 ) .
Analyses of trnK/matK sequence data confi rm the monophyly of Medicago and Trigonella ( Fig. 1 ) with each genus supported by bootstrap values of 100%. Species in section Buceras (four species sampled) form a well-supported monophyletic group, and species of section Platycarpae , M . ruthenica and M . platycarpa , are always sister taxa in analyses of both markers (clades I and II, respectively, in Figs. 1, 2 ) . Representatives of section Lunatae , M . bifl ora and M . brachycarpa , form a monophyletic group based on trnK/matK sequence data ( Fig. 1 ) . ( Small and Jomphe, 1989b ; Small, 2010 ; http://plants.usda. gov/), but in the trnK/matK analyses our four samples of M . sativa do not form a monophyletic group ( Fig. 1 ) . Analyses of the GA3ox1 data provide evidence for a weakly supported group that includes two hexaploid species, M . cancellata and M . saxatilis in addition to six samples of M . sativa (including two sequences from GenBank, Table 1 ) ( Fig. 1 ) .
Three species, M . arabica (sect. Spirocarpos ), M . suffruticosa subsp. suffruticosa (sect. Medicago ), and M . orbicularis (monotypic sect. Orbiculares ), are not part of any well-supported group using either trnK/matK or GA3ox1 sequence data and are referred to hereafter as " orphan species " (indicated in Figs. 1 and 2 with double asterisks) .
The four sampled species of Melilotus form a weakly supported group with Trigonella cretica based on analyses of trnK/ matK data ( Fig. 1 ) . Only two species of Melilotus were sampled for GA3ox1 ; analyses of those data show those two species as part of a basal polytomy within the clade of all Trigonella species ( Fig. 2 ) . Trigonella bicolor , previously included in Melilotus is clearly nested within Trigonella , the strongly supported sister group to the two sampled species of sect. Cylindricae , T . kotschyi and T . spruneriana ( Figs. 1, 2 ).
DISCUSSION
Clades supported by most or all molecular markers -Clades found in analyses of at least four of the fi ve molecular markers used in this study or others ( Bena, 2001 ; Maureira-Butler et al., 2008 ) are indicated in Figs. 1 and 2 with roman numerals. Online Appendix S2 provides a comparison of the well-supported clades found in analyses of each of the fi ve molecular markers.
Evolution of chromosome number -Both polyploids and aneuploids are found within Medicago ( Lesins and Lesins, 1979 ) ; both are concentrated within some clades and not found in others. For example, several polyploids, including M . sativa (alfalfa), are in section Medicago , but no aneuploids are found in that section. The base number in the genus is thought to be x = 8, although some annual species have x = 7 ( Goldblatt, 1981 ) ; this is the base number in its sister group Trigonella , in other genera in the tribe Trifolieae, and is the most common number in the genus Medicago . Within sect. Spirocarpos (all annuals), eight species are aneuploids and have a 2 n = 14 chromosome number. Aneuploid reduction, whereby chromosome material from one small chromosome is added to another chromosome to form one larger chromosome instead of two smaller ones, has been hypothesized to result in the change from 2 n = 16 to 2 n = 14 ( Lesins and Lesins 1979 ) . One question is of particular interest; how many times has 2 n = 14 arisen within the genus Medicago ? According to the current taxonomy ( Table 1 ) , species with 2 n = 14 are found in two subsections, Pachyspireae and Leptospireae , and in sect. Geocarpae , thus 2 n = 14 is most likely to have arisen at least three times. But examination of chromosome number and results of phylogenetic analyses of both markers indicate at least three origins in two clades, the " polymorpha clade " (V) and the " subsection Pachyspireae clade " (VII) and additionally, in the monotypic sect. Geocarpae ( Fig. 1 ) .
The " polymorpha clade " (V) includes two species, M. murex and M . polymorpha , each 2 n = 14, that are strongly supported sister species in analyses with both markers ( Figs. 1, 2 ). Other workers also found a group that includes these two species; Species in section Spirocarpos do not form a monophyletic group in any of our analyses, although species in subsection Intertextae form a very strongly supported group with analyses using both markers (clade VI in Figs. 1, 2 ) . In addition, two species from subsection Rotatae , M . shepardii and M . bonarotiana form a well-supported group, hereafter referred to as the " reduced subsection Rotatae clade " (clade IV in Figs. 1, 2 ) . Within section Spirocarpos , results based on analyses of the trnK/matK data indicate a modestly supported clade of 10 species from three subsections; seven species from subsection Pachyspireae including M. truncatula , one species from subsection Leptospireae , M . praecox, and two from subsection Rotatae , M . noena and M . scutellata , the latter a polyploid species. This clade of 10 species will be referred to hereafter as the " subsection Pachyspireae clade " (clade VII in Figs. 1, 2 ) . Within this clade, six species, all in subsection Pachyspireae , comprise a very well-supported group. The only other sampled species in the subsection, M . rigidula, is present in the larger clade, but not in this smaller well-supported group. However, based on GA3ox1 sequence data alone fi ve of the 10 species of the " subsection Pachyspireae clade " form a strongly supported group, the remaining species are part of a polytomy with a variety of species of Medicago ( Fig. 2 ) . Based on analyses of sequences of both genes, the model legume, M . truncatula , is included within the " subsection Pachyspireae clade " and forms a very strongly supported group with M . littoralis and M . italica ; the three species form a polytomy ( Figs. 1, 2 ) . In all, we sampled eight species from subsection Pachyspireae : seven of which are found in the subsection Pachyspireae clade mentioned above, M . constricta , M. turbinata , M . soleirolii , M . truncatula , M . littoralis , M . italica , and M . rigidula . Medicago murex is an important exception; it is the strongly supported sister species of M . polymorpha from subsection Leptospireae in all analyses (clade V in Figs. 1, 2 ) . The group formed by these two species will be referred to hereafter as the " polymorpha clade " in the discussion. Medicago heyniana is sister to these two species, both 2 n = 14, with moderate support in the trnK/matK analyses, but not in analyses of GA3ox1 sequences.
An interesting, well-supported clade, not predicted by the present taxonomy, is that formed by M . lupulina (sect. Lupularia ), M . tenoreana (sect. Spirocarpos , subsection Leptospireae ) and their sister species, M . minima (also subsection Leptospireae ) (clade III in Figs. 1, 2 ). This group, hereafter referred to as the " reduced subsection Leptospireae clade " , never includes M . secundifl ora, the only other species in sect. Lupularia .
Medicago sativa and its relatives in section Medicago form a weakly to strongly supported monophyletic group, hereafter referred to as the " section Medicago clade " , that includes nearly all sampled species from this section; however, there are differences in species included depending on the marker used (clade VIII in Figs. 1, 2 ) . Two species, M . marina and M . prostrata , are included in the " section Medicago clade " based on analyses of the trnK/matK data ( Fig. 1 ) , but are not included in this clade based on analyses of GA3ox1 data ( Fig. 2 ) . Members of the " section Medicago clade " share a 19-bp deletion in their GA3ox1 intron sequences. Medicago marina and M . prostrata have those 19 bases as do all other species of Medicago . Medicago arborea (section Dendrotelis ) is always resolved within the clade with section Medicago ( Figs. 1, 2 ) ; it shares the 19-bp deletion with other species in section Medicago . Medicago sativa is often defi ned broadly and includes three to fi ve subspecies, for example, M . sativa L. subsp. falcata (L.) Archang. Table 1 ). " M " indicates monotypic sections. [Vol. 97 M . cancellata hypothesized to be M . rupestris and M . sativa ( Lesins and Lesins, 1979 ) . Our phylogenetic reconstructions provide some support for that hypothesis. Results of analyses based on GA3ox1 sequences show M . cancellata as the sister species to M . sativa subsp. falcata (the Msdwf1 sequence), although analyses of trnK/matK data show both species unresolved as part of a polytomy with other species in sect. Medicago . The putative parents of M . saxatilis have not been hypothesized, but the species can be crossed with M . sativa and M . cancellata , suggesting the two hexaploid species have genomes in common. Our results support that hypothesis as M . saxatilis is always nested in the clade with infraspecifi c taxa of M . sativa . Results based on analyses of ITS/ETS by Bena (2001) show M . cancellata as part of a polytomy along with species from sect. Medicago and M . saxatilis as sister to M . sativa subsp. falcata . Note that all species in the section are either herbaceous perennials or shrubs, and polyploids are more common in taxa with this life form than are annuals ( Grant, 1981 ) .
Relatively few species in sections Lunatae and Buceras of Medicago have had their chromosome number determined, although a few species in section Buceras , such as M . medicaginoides (as Trigonella arcuata ) have 2 n = 16 ( Goldblatt and Johnson, 1979 ) . But there are a few records of unusual chromosome numbers from species in sect. Buceras , which need to be further investigated if we are to more fully understand chromosome evolution within Medicago . Medicago monantha , M . orthoceras , and M . polyceratia all have records of n = 22 or 2 n = 44, but M . monantha also has a record of n = 24 and M . polyceratia also has a record of 2 n = 28 ( Goldblatt and Johnson, 1979 ) . Results of cloning and sequencing of GA3ox1 PCR products support the hypothesis that M . polyceratia is a polyploid or at least has a duplicated GA3ox1 gene (see Results).
Unfortunately, little is known about changes in chromosome number within the sister group of Medicago , i.e., the genus Trigonella (including Melilotus ). Records are available for only 19 of the approximately 55 species ( Goldblatt and Johnson, 1979 ) , and all report counts of 2 n = 16 except for single records for two species. Nearly all records for Melilotus are 2 n = 16 ( Goldblatt and Johnson, 1979 ) . Thus, in Trigonella (including Melilotus ), there is little or no aneuploidy and very little polyploidy, in contrast to the variation in chromosome number in its sister group, Medicago . Life history and habit -Most species in subtribe Trigonellinae are annuals (about 80% of species of Medicago , about 50% species of Trigonella and all species of Melilotus ). Ononis , the sister group to the subtribe ( Steele and Wojciechowski, 2003 ) , also includes both annuals and perennials ( Lewis et al., 2005 ) . Medicago arborea and its close relatives are the largest woody species, and some perennial Medicago and Trigonella have aboveground woody tissue (e.g., M . cretacea and T . elliptica ). Results of our phylogenetic analyses of subtribe Trigonellinae allow us to consider two questions on the evolution of life history within those taxa. First, what is the character state of the early diverging groups within the two major clades, the genus Medicago and the genus Trigonella , and second, where are perennial and/or woody taxa found within the tree?
Unfortunately, there is no consensus on the earliest-branching lineage within Medicago . We sampled similar perennial species of Medicago from sect. Platycarpae and annual Trigonella as those sampled by other authors ( Bena, 2001 ; MaureiraButler et al., 2008 ) , but results of all studies are as yet inconclusive. Based on analyses of GA3ox1 sequences, there is Bena (2001) identifi ed a moderately supported clade that includes M . murex as sister to M . polymorpha with M . syriaca ( n = 8) as sister to them, while Downie et al. (1998) found that M . polymorpha , M . syriaca, M. lesinii , and M. laxispira form a moderately supported group, but without resolution among the species. Maureira- found that M . murex , M . polymorpha , M. lesinii , and M . laxispira form a well-supported group based on analyses of CNGC5 and β cop , and most interestingly M . murex is sister to M . lesinii ( n = 8), and M . polymorpha is sister to M . laxispira ( n = 8). If we only considered our results and those of Bena (2001) , it would appear that the n = 7 chromosome number is a synapomorphy for M . murex and M . polymorpha . However, based on all analyses to date it appears the n = 7 condition has arisen twice among the fi ve species within this clade. Gillies (1977 Gillies ( , published in 2006 2) noted that M . murex and M . polymorpha " have almost identical pachytene ideograms. " One can consider the similarity in karyotype to have arisen independently, perhaps supporting the hypothesis that a similar process was involved and possibly that there is a predilection for aneuploid reduction to occur among the species in the " polymorpha clade " . Genomic in situ hybridization was used to test the hypothesis that M . murex is closely related to M . lesinsii ( Falistocco et al., 2002 ) and extensive cross-hybridization supported that hypothesis. In addition, using similar analyses of both M . murex and M . lesinsii with M . littoralis (as a closely related species in the same subsection), they found much less crosshybridization ( Falistocco et al., 2002 ) . This latter result is consistent with our results showing M . littoralis in a different well-supported group from M . murex .
The " subsection Pachyspireae clade " (VII) includes four species with 2 n = 14, M . constricta , M . rigidula , rigiduloides , and M . sinksiae that form a monophyletic group when results from all workers are considered, and thus the chromosome number reduction from 2 n = 16 to 2 n = 14 may have taken place only once. Medicago praecox , another n = 7 species, is part of the " subsection Pachyspireae clade " based on some analyses ( trnK/matK and CNCG5), but not with others (ITS/ETS, GA3ox1 , and β cop ). In any case, this species is never part of the smaller group with the other n = 7 species, so the n = 7 chromosome number in M. praecox must represent an independent aneuploid reduction.
Within the " subsection Pachyspireae clade " , we also fi nd a polyploid species, M . scutellata of subsection Pachyspireae , that is 2 n = 30 ( Fig. 1 ) ( Bauchan and Elgin, 1984 ) . Medicago scutellata is thought to be a polyploid derivative of a hybrid between a 2 n = 16 species and a 2 n = 14 species ( Lesins and Lesins, 1979 ; Bauchan and Elgin, 1984 ) , but the diploid species involved have not been identifi ed. Medicago scutellata was also sampled by Bena (2001) who also found it nested in a group similar to our " subsection Pachyspireae clade " . These results suggest that one or both parental species of M . scutellata are likely to be found within the " subsection Pachyspireae clade " . Genomic in situ hybridization was used to test the hypothesis that M . murex (2 n = 14) was one of the parents of M . scutellata ( Falistocco et al., 2002 ) , but their results did not support that hypothesis consistent with the placement of M . murex in the strongly supported " polymorpha clade " as discussed above.
Section Medicago has no aneuploid species, but it does have several polyploid taxa including M . cancellata and M . saxatilis (both hexaploids), and few to many autotetraploid individuals and/or populations within some taxa, e.g., M . papillosa , M . prostrata , and M . sativa ( Small, 1986 ) . The two hexaploid species are both thought to be allopolyploids, with the parents of Table 1 ). [Vol. 97 seeded species in Medicago sect. Lupularia , (summarized in Small, 1987b ) . However, species of Melilotus are always found nested within Trigonella in analyses of molecular data Bena, 2001 ; Steele and Wojciechowski, 2003 ) . Our results suggest that reduction of the number of seeds in a legume is homoplastic, having occurred independently in more than one lineage within Trigonella , and that one of those lineages includes all species of Melilotus plus T . cretica.
Within Medicago , the only two species with single-seeded, indehiscent fruits, M . lupulina and M . secundifl ora , are presently placed in sect. Lupularia ( Small and Jomphe, 1989b ) . However, there are numerous morphological characters that are different between the two species such as infl orescence type (compact racemes of 14 -24 fl owers in M . lupulina and secund racemes of 3 -10 fl owers in M . secundifl ora ), pattern of venation on the mature legumes, pollen morphology, position of radicle on the seed, and number of ovules per ovary (two in M . lupulina and one in M . secundifl ora ) ( Small et al., 1981 ; Small, 1988 ; Small and Jomphe, 1989b ) . Furthermore, comparison of the karyotypes and restriction endonuclease fragment patterns of the chloroplast genome of M . lupulina and M . secundifl ora found a much greater degree of difference between them than was found between two closely related species in subsection Intertextae ( Schlarbaum et al., 1989 ) . E. Small (Agriculture and Agri-Food Canada, personal communication) indicates that changes in fruit morphology such as the lack of spines, reduction in venation, and coiling associated with reduction in seed number greatly reduces the number of taxonomically useful characters that can be used to help resolve relationships between these and other species.
Medicago lupulina and M . secundifl ora are each found in separate strongly supported groups in our analyses ( Figs. 1, 2 ) and those of other researchers ( Downie et al., 1998 ; Bena, 2001 ; Maureira-Butler et al., 2008 ) ; it is most likely that the singleseeded, indehiscent fruit found in the two species arose independently. Medicago lupulina is the strongly supported sister species of M . tenoreana (sect. Spirocarpos , subsection Leptospireae ). With their sister species, M . minima (also subsect. Leptospireae ), they form a well-supported group based on analyses of most molecular markers ( Figs. 1, 2 (clade III); Downie et al., 1998; Bena 2001; Maureira-Butler et al., 2008) . These three species all lack the rpoC1 intron, whereas M . secundifl ora has this intron ( Downie et al., 1998 ) . Bena (2001) showed that two other species, M . disciformis and M . coronata (in subsect. Leptospireae ), which also lack the rpoC1 intron were included in a clade with M . lupulina . Inclusion of M . lupulina in this group of species from subsect. Leptospireae is surprising given that it had not been predicted based on morphological characters. Medicago lupulina has some value for forage as a pasture legume ( Rumbaugh, 1990 ; Hanelt 2001 ) and has been tested for its ability to hybridize with M . secundifl ora and with species in sect. Medicago , but no defi nitive hybrids were formed with any of the latter species, (summarized in Lesins and Lesins, 1979 ) . If M . lupulina were to be crossed with M . tenoreana and/or M . minima , perhaps it would be able to hybridize with M . tenoreana and/or M . minima and gain additional agriculturally important characteristics.
Sister group of Medicago truncatula -The model genomic species M . truncatula is resolved in a very well-supported clade with two other species, M . italica and M. littoralis in our analyses ( Figs. 1, 2 ) and previous studies ( Bena, 2001 ; Maureira-Butler et al., 2008 ) . However, the relationship among the three species weak support for a basalmost node with the two perennial species of sect. Platycarpae , M . platycarpa and M . ruthenica ( Fig.  2 ) , while for analyses of trnK/matK there is a similar degree of weak support for a basal node leading to sect. Buceras (consisting only of annual species) plus M . radiata as the sister group to the rest of the genus, while the two species in sect. Platycarpae are included within a strongly supported group that includes most species of Medicago one node deeper in the tree ( Fig. 1 ) . This is one of the most noticeable discordant aspects of the tree topology when results of the two analyses are compared. Although the character state(s) of the most recent common ancestor of most species of Medicago cannot be established at this time, the results of previous molecular analyses ( Downie et al., 1998 ; Bena, 2001 ; Maureira-Butler et al., 2008 ) and ours, support the hypothesis that the perennials of sect. Medicago are not among the earliest-branching lineages and are most likely to be derived from an annual ancestor. This pattern of perennial taxa that appear to be derived from annual ancestors is also observed in Trigonella ( Fig. 1 ) .
The only shrubby species within subtribe Trigonellinae are in Medicago , sect. Dendrotelis . Two of the species, M. arborea and M . strasseri, are tetraploids, while M . citrina is hexaploid, although the origin of the polyploidy, whether auto-or alloploidy is unknown in each case. If allopolyploid, the putative parents of the three species are unknown ( Lesins and Lesins, 1979 ; Small and Jomphe, 1989b ; Rosato et al., 2008 ) . Based on analyses of all markers, M . arborea is part of a group with other species of sect. Medicago , although it is often unresolved as part of a basal polytomy within that group. It is likely that the common ancestor of these shrubby, polyploid species is an herbaceous perennial in sect. Medicago , thus woodiness is a derived character state in these species.
Cotyledonary pulvini -Species in sections Buceras and Lunatae all have pulvinate cotyledons as do all species of Trigonella and Melilotus , whereas all other species of Medicago lack cotyledonary pulvini ( Small and Brookes, 1984 ; Small, 1987a ) . This characteristic was originally used to support the inclusion of sections Buceras and Lunatae in Trigonella (summarized in Small, 1987b ) . The presence of pulvini in sections Buceras and Lunatae supports the hypothesis that the species in sections Buceras and Lunatae comprise the earliest-diverging branch in the genus and that pulvini have been lost only once. Medicago edgeworthii is currently in sect. Platycarpae (a group that lacks pulvini), but Maureira-Butler et al. (2008) found it in a strongly supported group with two species in sect. Lunatae , M . brachycarpa and M . huberi . Interestingly, Small (2010 ) indicates that M . edgeworthii, although previously reported to lack pulvini (e.g., Small and Jomphe, 1989b ) , has now been shown to have pulvini and has been transferred to sect. Lunatae . Cotyledonary pulvini in sect. Lunatae may be a plesiomorphic trait because species of Trigonella have cotelydonary pulvini, but the sister group of subtribe Trigonellinae, Ononis, lacks pulvini in the eight species sampled by Small and Brookes (1984) .
Number of seeds per fruit -The hypothesized reduction in number of seeds per fruit has been an important character to support particular hypotheses of relationship within the subtribe Trigonellinae ( Small, 1987b ) . For example, recognition of the genus Melilotus is based in part on its single-seeded, indehiscent fruits and very small fl owers in racemes, which differ from the character states in most species of Trigonella . Melilotus has been considered to be closely related to Trigonella or to single-Taxa of special interest including " orphan " taxa -The phylogenetic relationships of three species, M . hypogaea , M . lanigera , and M . radiata , are of particular interest for a number of reasons. All three are very distinctive morphologically, two had been placed in segregate genera (as discussed later) and there is no agreement on their closest relatives. Medicago hypogaea E. Small, fi rst described as Trigonella aschersoniana by Urban in 1882, was segregated into a monotypic genus, Factoryovskya by Eig in 1927, was then placed into Medicago by Small and Brookes (1984) . Earlier analyses of sequence data ( Downie et al., 1998 ; Steele and Wojciechowski, 2003 ) provided very strong support for its inclusion within Medicago , but there was only weak support for its relationship to other species of Medicago . Small and Brookes (1984) hypothesized that M . hypogaea and M . lanigera were sister species; they have similar and unique (within Medicago ) cottony hairs on the fruit. However, M . lanigera has the plesiomorphic 2 n = 16 chromosome number of subtribe Trigonellinae and M . hypogaea has 2 n = 14. Both species lack the plastid rpoC1 intron, although Downie et al. (1998) hypothesized that this loss in these species represents two of the minimal three independent losses in the genus. Our results do not provide strong support for a sister group relationships between these two species nor for any other particular topology ( Figs. 1, 2 ) . Downie et al. (1998) , the only other workers to sample both species, also did not fi nd either species in a is not consistently resolved in the molecular analyses. Based on our trnK/matK and GA3ox1 results, the three species form a polytomy ( Figs. 1, 2 ) . On the other hand, based on ITS/ETS sequences, M . truncatula is sister to a group formed by M . italica (as M . tornata ) and M . littoralis ( Bena, 2001 ) , while with CNGC 5 the three species form a polytomy and with β cop , M . truncatula and M . littoralis are sister species with M . italica sister to those two species . Both Small and Brookes (1990a , b ) and Lesins and Lesins (1979) consider M . littoralis and M . truncatula more closely related to each other than either is to M . italica , although neither stated that explicitly. Medicago littoralis is thought to hybridize with M . truncatula in nature ( Small and Brookes, 1990a , b ) ; however, there is a breeding barrier between M. italica and M . truncatula ( Lesins and Lesins, 1979 ) , and while M . italica and M . littoralis can be crossed, some specifi c strains will not ( Lesins and Lesins, 1979 ; Small and Brookes, 1990b ) .
Taxonomic implications -Certainly there is no longer any question about the delimitation of the two genera, Trigonella and Medicago (including all of the former " medicagoid " Trigonella ), as analyses of all molecular markers indicate each is a very well-supported monophyletic group. However, when only morphological characteristics are considered placement of some species into either genus can be diffi cult ( Small, 1987b ) . Additionally, analyses of molecular data clearly show Melilotus nested within Trigonella ( Figs. 1, 2 ) . Trigonella has nomenclatural priority because it was published in Species Plantarum in 1753 ( Linnaeus, 1753 ) , while Melilotus was published in 1754 ( Miller, 1754 ) . Historically, a few species have been transferred from one genus to the other. For example, M . bicolor Boiss. & Bal. was transferred to Trigonella as T . bicolor (Boiss. & Bal.) Lassen ( Small and Jomphe, 1989a ) based on overall similarity to species of Trigonella . The inclusion of Melilotus species in Trigonella will necessitate name changes for some important weeds and forage crops, but this taxonomic revision would more accurately refl ect the close relationship among species currently recognized as two genera.
Other well-supported changes of taxonomic signifi cance include the following: (1) the shrubby species M . arborea , M . citrina , and M . strasseri (currently sect. Dendrotelis ) should be included within sect. Medicago where their placement will highlight the phylogenetic relationship and morphological similarities among those species. Hybridization is diffi cult to accomplish between species in sect. Medicago , especially those that differ in ploidy level ( Lesins and Lesins, 1979 ; McCoy and Bingham, 1988 ; Bauchan and Hossain, 1999 ) ; however, female fertile hybrids between M . sativa and M . arborea have been produced ( Bingham, 2005 ; Armour et al., 2008 ) . (2) Section Lupularia, presently containing the two species M . lupulina and M . secundifl ora, should no longer be recognized. The two species are never resolved as sister taxa and M . lupulina is nested in a separate, well-supported clade (reduced subsection Leptospireae ) based on all markers sampled. (3) Section Platycarpae is unlikely to be monophyletic based on results from analyses of all molecular markers and thus should not be recognized in its current form. However, three groups of species within the section are part of strongly supported groups. For example, three species from this section, M . platycarpa , M . ruthenica , and M . popovii, form a consistently strongly supported clade using CNGC 5 and β cop ; studies using other markers only sampled two of the these three species, but those pairs are also strongly supported by ITS/ETS ( Bena, 2001 ) , trnK/matK , well-supported group. Phylogenetic reconstructions based on trnK/matK and GA3ox1 indicate that M . lanigera and M . hypogaea (particularly the latter) are on relatively long branches (see online Appendices S3, S4), and this may make it diffi cult to accurately determine the relationships of these species.
Medicago radiata L. has been ( Medikus, 1789 ) and continues to be recognized as the monotypic genus Radiata by some authors (e.g., Yakovlev et al., 1996 ) . However, results based on molecular data strongly support its placement in Medicago ( Downie et al., 1998 ; Bena, 2001 ; Maureira-Butler et al., 2008 ) with some consensus that it diverged relatively early and is more closely related to species in sections Buceras , Lunatae , and Platycarpa than to other species of Medicago . Our results indicate that this species is weakly supported as a sister to all species of Medicago except those of sect. Buceras ( Fig. 1 ) or that it is part of a polytomy within a large group of species of Medicago except sect. Platycarpae ( Fig. 2 ) . Downie et al. (1998) found M . radiata to be within a moderately supported group that includes species in sections Buceras , Lunatae , and Platycarpae , while Bena (2001) resolved Medicago radiata as the strongly supported sister to sections Buceras and Lunatae . Maureira-Butler et al. (2008) found M . radiata nested within a group with species from sections Buceras , Lunatae , and Platycarpae based on analyses of CNCG 5, but in an entirely different group based on analyses of β cop sequences. Thus, while there is strong support for the inclusion of M . radiata within Medicago , currently analyses of molecular data show discordant results with regard to its relationships within the genus.
There are three so-called " orphan " species that are not consistently resolved as part of any well-supported group based on analyses of either trnK/matK or GA3ox1 sequence data, M . arabica , M . orbicularis , and M . suffruticosa subsp. suffruticosa ( Figs. 1, 2 ). There is some precedent for a lack of hypotheses of relationships for one of these three species based on morphological data; M . orbicularis is in a monotypic section, and no species has been suggested as being closely related to it ( Lesins and Lesins, 1979 ; Small and Jomphe, 1989b ) . However, M. arabica and M . orbicularis are strongly supported sister species when using ITS/ETS sequence data ( Downie et al., 1998 ; Bena, 2001 ) and in the same monophyletic group using β cop data . But in analyses using CNGC 5 data, M . orbicularis and M . arabica are resolved in two different and well-supported groups.
Medicago suffruticosa (sect. Medicago ), is an orphan taxon in our analyses, but is the strongly supported sister species to M . hybrida in analyses of ETS/ITS data ( Downie et al., 1998 ; Bena, 2001 ) and part of a polytomy with M . sativa based on CNGC 5 data, but in another group entirely based on β cop analyses ( M . hybrida not sampled for either CNGC 5 or β cop ) . Medicago suffruticosa and M . hybrida produce fertile hybrids and have very similar karyotypes ( Gillies, 1972 ) .
Conclusions -We have shown GA3ox1 to be an informative nuclear-encoded molecular marker for phylogenetic analyses and to provide strong support for a number of groups within Medicago . Our results suggest a reduction in chromosome number from 2 n = 16 to 2 n = 14 is likely to have occurred at least four times within the annual species of Medicago sect. Spirocarpos . Reduction in seed number per fruit has also occurred independently both within Medicago and Trigonella and thus is not a useful character to defi ne Medicago sect. Lupularia nor the genus Melilotus as a taxon separate from Trigonella .
